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Abstract 
The development of new photovoltaic modules relies not only on the implementation of solar cells with higher performance but 
also on new module concepts such as an improved light management. This can be achieved by using optimized module 
components, i.e. back-sheets or connectors with special optical properties. Without changing much of the module design, a single 
modified component can lead to a performance gain when it causes additional light to reach the active cell region. 
A rapid test method is proposed which allows a quantitative estimate of the performance gain achieved by replacing one 
component by another. The method relies on special test structures making the setup of entire modules in the first product 
evaluation and development phase unnecessary. Hence, a fast and cost-efficient material screening can be implemented. As an 
example, it is shown, how this method can be applied to estimate the current gain due to optimized cell connectors and due to the 
back-sheet. In either case, it is found that the additional contribution to the total current is about 2%rel. 
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1. Introduction and motivation 
While major research activities concerning the PV-module performance focus on the improvement of the solar 
cells themselves, there are a number of technological approaches that allow increasing the power output of a module 
without improving the cells. Examples are an increased light transmission, e.g. using ARC-glass, new connection 
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schemes, e.g. half-cell modules, optimized connectors, e.g. using light harvesting strings, or improved light 
management based on internal back-reflection, e.g. optimizing the back-sheet [1, 2, 3]. 
In some cases, the replacement of a component by another one with improved functionality is reflected by an 
increased cost of these components. Hence, it is vital to develop test methods which allow for a rapid yet quantitative 
investigation of the performance gain that can be achieved by a new component. These tests should be applicable to 
a basic profit and loss forecast regarding the new module component while being cost efficient themselves. A test 
scheme that fulfils these requirements is proposed in this work. It is shown how a quantitative estimate of the 
performance gain due to individual module components can be achieved. The approach is based upon fast 
wavelength dependent laser-beam induced current (LBIC) measurements on specifically designed test structures. It 
is demonstrated for two examples: the contribution of the back-sheet and the contribution of the connecting strings. 
It is shown, that both an improved cell connector and back-sheet can lead to a performance gain of about 2%rel each. 
2. Sample preparation and measurement approach 
In order to perform the rapid component testing, special test structures have been designed. In case of the cell 
connector two types of one-cell mini-modules have been prepared. One mini-module type has been equipped with 
standard connectors while the second has been prepared using optimized connectors with a structured surface. This 
structured surface of the optimized connector reflects the incident light in a non-perpendicular direction and thus 
enhances the internal back-reflection within the module. Therefore, the optically inactive region beneath the 
connector nevertheless contributes to the total current. In case of the back-sheet test, a test sample similar to a one-
cell mini-module has been prepared which consists of all materials and components that are used in the large size 
module. However, the solar cell has been positioned off-center within the mini-module such that a large back-sheet 
area next to the cell remains uncovered, see Fig. 1.                       
 
 
    
Fig. 1: Test sample and measurement region for connector evaluation (left) and back-sheet evaluation (right). 
These test samples have been analyzed using laser-beam induced current (LBIC) measurements. The 
measurement regions are indicated by the red boxes in Fig. 1. The local current has been measured for six different 
wavelengths, i.e. 405nm, 532nm, 650nm, 878nm, 960nm, and 985nm. In order to quantify the results, the LBIC 
signals have been separately averaged over the cell region and the region of the connector or back-sheet, 
respectively. Thus the relative contribution C of the regions under investigation (connector or back-sheet) to the total 
short circuit current Isc can be evaluated as a function of the wavelength . To this end, the relative contribution C() 
is numerically interpolated in the wavelength range =300nm .. 1100nm. 
 
The subsequent numerical data analysis is then based on the calculation of the short circuit current that is 
contributed by the cell region (Isc,cell) and the contribution due to the connector region (Isc,co obtained from Cco) or the 
back-sheet region (Isc,bs obtained from Cbs). At this analysis step, it is important to correctly evaluate the contributing 
areas. In particular, the contribution of the back-sheet strongly depends on the module layout and the inter-cell 
spacing. Based on an additional quantum efficiency measurement (EQE) the short circuit contribution is obtained as: 
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This approach yields the two contributions due to the cell region and due to the connector or back-sheet region 
separately. It therefore provides a quantitative mean for the evaluation of the additional power gained by an 
individual component. 
3. Contributions of module components to the short circuit current 
The basis for our approach is the LBIC measurement on test samples that resemble complete modules with 
respect to the individual module components very closely. The data set is then numerically analyzed according to 
equations (1) and (2) in order to extract additional information about the individual contributions to the short circuit 
current. Typical LBIC measurement results obtained for =960nm are shown in Fig. 2. Similar results are obtained 
for all other five wavelengths. 
Fig. 2: Laser-beam induced current (LBIC) mapping on two different mini-modules, one with optimized connector and one with standard 
connector (left). LBIC mapping across the cell edge yielding the contribution of the back-sheet – the analysed measurement range is indicated by 
the red box (middle). The corresponding line-scan data across the cell edge has been analysed for six different wavelengths (right). 
The LBIC signal is then averaged over the cell area and over the connector or back-sheet area, respectively. The 
relative LBIC signal ܥ௖௢Ǣ௕௦ሺሻ ൌ  ۃܮܤܫܥۄ௖௢Ǣ௕௦Ȁۃܮܤܫܥۄ௖௘௟௟  is shown in Fig. 3. These relative LBIC signals are 
plotted as LBIC-signal densities per area. Hence, the average signal in a 2mm wide surrounding of the cell is larger 
than for a 4mm wide region due to the decay of the LBIC-signal away from the cell edge, see Fig. 2 (right). 
 
   
Fig. 3: Relative LBIC signal Cco() yielding the contribution of the connector when compared to the cell area (left). The area averaged LBIC 
signal Cbs() of the back-sheet depends on the width of the back-sheet area surrounding the cell, i.e. 4mm or 2mm (right). 
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3.1. Contribution of the cell connector 
In order to evaluate the short circuit current contribution due to the light back-reflection from the connector, the 
quantum efficiency data of the solar cell with Isc = 8670mA has been employed in Eqs. (1) and (2). The active cell 
size is Acell = 234cm2 while the area covered by the connector is Aconn=9.4cm2. For the standard connector we thus 
find the sum of the two contributions Isc,cell = 8630mA and Isc,conn = 40mA for the total current. In comparison, the 
optimized connector yields a current gain of Isc,conn = 230mA. Thus, the relative current gains are Isc = +0.5% for a 
standard connector and Isc = +2.7% for an optimized connector. Replacing the standard connector by the optimized 
connector would therefore lead to a relative efficiency increase of about +2.2%rel. 
3.2. Contribution of the backsheet 
The profile of the LBIC signal obtained by the test of the back-sheet is shown in Fig. 2 (right). It can be observed 
that there is a distance dependent contribution of the back-sheet to the total current. This data set allows for a 
quantitative estimate of the contribution of the back-sheet area to the total current. This estimate has to be based on 
the geometry of the module. Assuming an inter-cell distance of 4mm (both horizontally and vertically), one finds a 
relative contribution of this back-sheet area compared to the cell area as shown in Fig. 3 (right). The cell area is Acell 
= 234cm2 while the back-sheet area per cell is about Abs = 25.6cm2 assuming a regular arrangement of the cells 
within the module. Due to the regular layout of a module, it is sufficient to consider a single cell when aiming at a 
quantitative estimate of the current gain. Again, the contribution due to cell and connector is Isc,cell = 8670mA. The 
current contribution due to the back-sheet is Isc,bs = 162mA according to Eq. (2). This means that the relative current 
gain due to the back-sheet is Isc,bs = +1.9%. 
The contribution of the back-sheet to the total current due to the back-reflected light decreases significantly when 
the distance to the cell is increased. Hence, more current is gained when the total cell-edge length and thus the 
fraction of near-by back-sheet regions is increased. This can be achieved by using half-cells instead of full-cells. In 
this way, the inter-cell spacing is reduced to 2mm in one direction while it remains at 4mm in the other direction. 
Therefore, this new layout is characterized by the same back-sheet area but the relative LBIC signal is higher as the 
weight of the near-by cell regions is increased. For this setup, the second result in Fig. 3 (right) corresponding to the 
2mm distance is used in Eq. (2). As a result, we find Isc,bs = 169mA implying a relative current gain due to the back-
sheet of Isc,bs = +2.0%. 
4. Conclusions 
A rapid and cost efficient test method is proposed that allows a quantitative estimate of the performance gain of 
PV-modules due to modified module components. The approach is based on low-cost test samples and a local 
electrical characterization of the test structures. The subsequent data analysis must include the geometrical properties 
of the module design under consideration. Based on our approach, we presented two examples where the 
contribution of other module components besides the cells themselves to the total current is analyzed. In both 
examples, the back-sheet and the connecting strings, there is some back-reflection of light that initially incidents on 
an inactive module area. However, a certain amount of this light reaches the active cell area due to the internal back-
reflection. Hence, an optimization of the optical properties of these inactive areas can lead to a significant 
performance increase. Our method allows quantifying these effects in a rather fast and cost-effective way. To this 
end, laser-beam induced current measurements at different wavelengths were performed on special test structures. A 
subsequent quantitative data analysis based on the given module geometries then yields the corresponding 
contributions to the modules performance. It is found that both connector and back-sheet can contribute about 2%rel 
each to the total short circuit current. 
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